Introduction
The use of beams of charged particles to simulate high temperature neutron damage is only four years old. This technique was introduced in 1969 by Nelson and Mazey (1) and it was clearly aimed at obtaining information on the behavior of cladding material for fast reactors. Since that time, over 60 papers have been published in the open literature and at conferences (2-6) in addition to countless internal company reports. The nature of the studies have ranged from purely theoretical to quite empirical with some countries actually using the experimental programs to guide the design of multi-million dollar fast reactors.
It is difficult to gain the proper perspective of a field of research which is so young. Part of this difficulty stems from the fact that some of the important information is not being released because of commercial considerations, and part of it comes from the fact that many of the programs are still identifying experimental problems, let alone solving them. Nevertheless, tremendous progress has been made in a rel. tively short time and the future of this technique is indeed quite bright.
The object of this paper will be to sketch a brief historical description of how the field evolved and to summarize the various types of studies that have been performed. The bulk of the paper will be devoted to highlighting recent successes of neutron damage simulation. In addition to listing the advantages of this technique, we will attempt to be quite candid about its many limitations. Finally, a few of the more promising future studies will be explored.
The Necessity and Validity of Such Studies
It was not long after the 1966 discovery that high temperature neutron irradiation of metals could.cause significant swelling (7) , that designers of fast breeder reactors realized the tremendous economic impact of that phenomena. The early expectation of the swelling in 316 stainless steel, the primary cladding material for the U.S. LMFBR program, is shown in Figure 1 . This figure shows that swelling values of 2-15% were expected in the FFTF reactor and 7-60% may be possible in commercial LMFBR's. These values were put into persepctive by Huebotter and Bump (8) who stated that if 5% swelling must be accomodated in all the fast reactors built in the period 1970-2020, the present worth of a solution was $864,000,000. It was also stated that if the swelling amounted to 15%, then a 1970 present worth value was $5,600,000,000. Obviously, there was a sufficient economic incentive to solve the problem.
Unfortunately it appeared that it would take 5-10 years or more to obtain confirming data for Figure 1 if fast test reactors such as EBR-II and DFR were used. It was necessary to know the answer sooner than that.
Not very much was known about how voids formed in.the 1966-1969 period. However, scientists have now shown that even though vacancies and interstitials are produced in equal numbers during irradiation, more interstitials than vacancies are absorbed by the dislocations in the solid. This imbalance leaves an excess of vacancies in the lattice which builds up to a critical suparsaturation such that the vacancies finally precipitate into voids.
Many authors, too numerous to list here but referred to in (2) (3) (4) (5) (6) have developed theories to explain the swelling in reactor components. We will use the ideas developed by Bullough and coworkers (9) (10) (11) (12) . The main features of their theory are summarized in the equation 1 which applies after a threshold damage of Kt o has been reached where K is the displacement rate in dpa sec~l and t o is the time required to reach the threshold damage state. The per cent swelling due to the production of voids is then,
M (%) = (Kt)SF
(1) where V S is a function of the material properties such as sink density and size includes the dislocation density and F is mainly a function of the irradiation temperature, the migration energy of the vacancies and has a weak, complex dependence on K. It is noted that oncenucleation has been accomplished, the swelling is proportional to the product of K and t and does not, to a first approximation* depend on these two quantities separately. This means that if one wants to shorten the irradiation time, then it is only necessary to raise K. Hie early experiments used high intensity beams of heavy ions whose displacement effectiveness per particle is approximately lO^-lO**' times that of equivalent neutron fluxes ( Figure 2 ). When this displacement effectiveness was multiplied by currently available beams of charged particles, scientists were able to raise the displacement rates by factors of approximately 103-10*. By using such high displacement rates, the irradiation time required to reach a given damage state was lowered by the same amount and designers could then have reasonable swelling information in a matter of days compared to the many years required for neutron "irradiation* -^ ln (r)
The significance of equation 3 is that in order to simulate damage at some displacement rate Kj and temperature T2 by irradiation at • higher displacement rate of Ki, one must irradiate at a slightly higher temperature T^. We will see an example of this shift later in the paper but Figure 3 from Brailsford and Bullough (11) shows the effect of K on F for a factor of 10 3 difference in displacement rate.
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Irradiation. Analysis and Calculation Techniques
The use of high energy charged particles from accelerators to produce high damage states in materials has been treated previously (23,30,39). One drawback (or advantage depending on the type of study) to ion simulation work is the necessity to supply gases r.o the solid which are normally generated neutronically. Preinjection with helium to 1-100 ppm has been described by several authors and the reader is referred to these references (59,70,71). While it is common practice to preinject the samples with helium before irradiation, such a practice must be closely studied, especially at high helium contents because it may influence the nucleation at an early stage of irradiation. A much better technique would be to inject simultaneously with helium from an auxilliary accelerator.
Because of the limited rang? of the charged particles, the analysis of the microstructure by transmission electron microscopy (TEM) is often a time consuming task. Methods for precise removal of damaged layers and subsequent analysis of the size and density of voids have also been described in the literature (23,30,39,41,  72 ). An interesting technique which can measure overally swelling without resorting to precise TEM analysis has been described by Johnston et. al., (S0-62). Their technique relies on measuring the difference in the step height of a surface which has been irradiated as opposed to a surface which was shielded during irradiation. The bombarded area tends to swell and protrude from the surface in relation to the shielded region (Figure 4) . Finally, the correlation between 'neutron irradiation work and ion bombardment studies is made through the common unit of damage 
Some of the Koteable Successes of the Ion Bombardment Technique
One of the earliest conclusions of the simulation studies had to do with the role of gases in nucleating voids in metals. It was known that helium atoms were generated in reactor components and it was normally assumed, prior to 1969, that these gas atoms were the nuclei for producing voids in metals. The simulation studies provided the first unambiguous test of this theory because the experimenter could choose to dope with or exclude helium from the sample during the experiment. Early studies revealed that helium gas was not required for void nucleation in steels, Ni, Mo, V, and Nb (1,17,23,36,37,43) . On the other hand if helium was present, it could have a very dramatic effect on the nucleation as shown in (Figures 6 and 7) and those in Al and Ni formed fee superlattices. This unique structure was discovered at about the same time an equivalent structure was found in neutron irradiated metals by Wiffen (76) and Erye (77) . Since none of the ion bombarded samples*contained preinjected heliura it was clear that helium was not responsible for the observed effect. It is also evident that the ordered void structure is not peculiar to high damage rate processes because those formed during neutron irradiation did so at a damage rate of 1/1000 to 1/10,000 that of the ion bombardment studies. There are several current theories to explain the superlattice formation (78-81) but the exact situation is not clear at this time. Updated information from a recent review article (46) on ordered structures is given in Table II .
Another area which ion bombardment studies have proved to be extremely important is that of swelling saturation. Because of the extremely high damage rate in iori bombardment experiments it was quite easy to surpass the damage levels of the present and get a preview of what might happen at extremely high damage states. Early work by Harwell and BNW (25, 41, 42) showed a saturation in the swelling behavior of Ni (Figure 8 ) and the Harwell work even shewed a saturation in swelling behavior of 316 stainless steel (25) (Figure 9 ). Later work has shown a similar saturation in Nb(47) (Figure 10 ).
The cause of the saturation is not clear at this time, but the onset of saturation corresponds to the formation of a superlattice in the case of pure Ni and Nb. It is speculated that when the density of voids reaches such a high level, the dislocations are absorbed into the voids thus removing the bias for void formation. The close spacing of the voids also makes then the predomi--nant sinks for both interstitials and vacancies thus prohibiting void growth. (53) (54) (55) . Neither of these latter groxips finds such a saturation (Figure 11 ), The lack of a saturation in steel is also supported by proton work at Al (34) . However, the possibility exists that in the proton experiments hydrogen may be promoting swelling before it diffuses from the sample. Finally, recent studies of 316 stainless steel by high voltage electron microscopy (83) (HVEM) also show a continuing swelling with fluence. Considerable work is needed here before one will be able to confirm or deny the saturation phenomena in steel. There have been other discoveries in this field which deserve mention here and will undoubtedly be investigated more fully in the future. These include the early detection of a reversion of the austenitic phase to ferrite at high damage states which could have severe implications if the trend continues (31). Several groups (BNW, ANL, NRL, and Harwell) are investigating the effects of alloying on void suppression for non I.MFBR materials. These studies could lead to a better fundamental understanding of the void formation process in all metals.' Finally, a group at NRL has discovered that rastering the ion beam across the surface of a sample can give results completely atypical of defocussed beam conditions (66). The effect can be traced back to the fact that evan though the average dpa rate is the same for both samples, it can be considerably higher instantaneously and locally in the rastered sample. Void formations under extremely high dpa rates can have technical significance in future fusicn reactors as we shall see later.
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Limitations of the Ion Bombardment Technique
The major limitations that are known at this time fall into 5 categories:
1. Alloying 2. Stress.
Temperature shift 4. Lack of Mechanical Property Data 5. Excess Interstitials
We have already discussed some of the possible problems with respect to a change in chemical composition. The experimenter must constantly guard against this problem especially if he wants to make any sense out of temperature or fluence dependence of the void size or density. Normally, TEM analysis is performed at a position far from the end of path of the incident ion in order to minimize the possible contamination effects. One must be especially careful about studies which use ions which are mobile during irradiation because they could migrate from the point of deposition to areas of TEM analysis.
Another complicating feature of the ion studies is that because of the limited range of the atoms (on the order of a few microns at most) the majority of the sample is undamaged. When considerable swelling is induced, the undamaged part of the sample can impose large constraints on the expanding region. Such effects are quite evident in Figure 4 and the effect of stress on swelling must be understood before the magnitude of this problem can be assessed in ion bombarded samples.
We have already seen that one must raise the ion bombardment temperature with respect to that being simulated because of the rate effect. The higher temperature irradiation could give atypical results if this temperature causes microstruetural changes in the material not seen at the temperature to be simulated. A good example of this effect can be seen in 20% cold worked 316 stainless steel. Straalsund and Brager (85) have shown that 100 hours at 650°C is sufficient to cause some recovery of the cold work in 316 stainless steel. Since the high dislocation content tends to suppress void formation, its removal•during high temperature ion bombardment studies may give misleading results. A typical temperature shift for a displacement rate ratio of 10^ in steel is approximately 100-150°C which means that IB studies would probably be limited to simulating temperatures less than 500-550°C during neutron irradiations. Similar reservations nrust be stated for alloys with complex precipitates that could be dissolved at high temperature.
The limited range of charged particles also means that the samples cannot be used for mechanical property measurements. Even the 45-50 MeV Ni ions used by the Harwell group have only a 5 micron range in steel (29) . Perhaps the only chance for such measurements will be the high energy (>20 MeV) proton or deuteron beams such as those used at ANL (86).
One final concern that must be mentioned for self ion irradiation (i.e. Ni-*Ni or SS) is the addition of excess interstitials to those already produced by irradiation. It has been speculated that if the ratio of injected atoms to displaced atoms is more than 1:100, the biasing effect of the dislocations could be overcome and the swelling suppressed. However, such an effect has not been seen in studies conducted to date.
Possible Directions For Future Simulation Studies
It is expected that the majority of simulation studies in the immediate future will be aimed at predicting fast reactor cladding behavior. Particular attention will be paid to the potential saturation effects and the screening of alloys for advanced reactor concepts. Basic studies will probably concentrate on the effect of metallic impurities and gas atoms on the nuclcation of voids in metals. These studies should be able to contribute significantly to the development of a complete theory of void swelling in metals.
The study of void superlattices should lead to a consistent theory for their formation. It is hoped that such theories may also be able to predict uses for ordered structures in such areas as superconductivity (i.e. flux pinning sites), high strength metals or for studying the interaction of dislocations with a regular array of defects. One interesting feature of this work is that such ordered arrays can be formed quickly, are quite stable thermally, and could be formed in metals without introducing radioactivity.
The advent of fusion reactor technology will certainly benefit from this simulation technique. Alloy screening studies will help narrow the potentially promising alloys to a few which can then be studied in depth when 14 MeV neutron test facilities become available* The generation of gas in such a hard neutron spectrum is truely a unique problem for fusion reactors as seen in Figure 14 where the ratio of the helium gas to dpa values are given for V in thermal and fast fission reactors as well as for fusion facilities (87). It can be seen that gas to dpa ratio in fusion reactors is 2 to 3 orders of magnitude higher than in fission reactors which means that it will not be possible to simply test potential fusion reactor materials in fission facilities. However, by coupling two accelerators, one generating helium ions and the other generating heavy ions it will be easy to generate the proper ratios typical of any nuclear facility.
Finally, and perhaps one of the most promising future areas of study will be ""he simulation of extremely high damage rates typical of pulsed or laser fusion reactors ( Figure IS) . Steady state magnetic reactors will have damage rates comparable to current fission facilities (~1(T 6 dpa sec" 1 ) (87) but pulsed systems will have instantaneous rates of ~10~5 to 10~Vdpa sec" 1 separated by 3 seconds of no damage at all (88). This is even more aggravated in laser systems where the damage rates are -0.1 dpa sec" 1 for approximately 1 microsecond. Such laser systems may be pulsed on the order of 10 times a second (89). It will be very risky to extrapolate the current radiation damage data over such a wide range of damage rates and much theoretical and experimental work is needed to assess this situation.
Conclusion
It has been shown that in the short period of four years the ion bombardment simulation technique has made notable discoveries about the formation of voids in metals. The simulation studies are now giving us a preview of what to expect after long term high temperature neutron bombardment and it is a quick, easy, and economical tool to screen new alloys. Future work of a basic nature will undoubtedly contribute to void nucleation and growth theories. It is possible that the simulation technique will be even more valuable to this controlled thermonuclear reactor program than it has been to the LMFBR program. Representative displacement rates in 316 SS for several nuclear facilities. Note that instantaneous dpa rates for fusion reactors can be quite large even though a time average value is 10"** (87).
